Abstract Non-alcoholic steatohepatitis (NASH) is a disease that compromises hepatic function and the capacity to metabolize numerous drugs. Aryl hydrocarbon receptor (AhR), constitutive androstane receptor (CAR), pregnane X receptor (PXR), peroxisome proliferator-activated receptor alpha (PPARa), and nuclear factor-E2 related factor 2 (Nrf2) are xenobiotic activated transcription factors that regulate induction of a number of drug metabolizing enzymes (DMEs). The purpose of the current study was to determine whether experimental NASH alters the xenobiotic activation of these transcription factors and induction of downstream DME targets Cyp1A1, Cyp2B10, Cyp3A11, Cyp4A14 and NAD(P)H:quinone oxidoreductase 1 (Nqo1), respectively. Mice fed normal rodent chow or methionine-choline-deficient (MCD) diet for 8 weeks were then treated with microsomal enzyme inducers b-naphoflavone (BNF), 1,4-bis-[2-(3,5-dichloropyridyloxy)] benzene (TCPOBOP), pregnenolone-16a-carbonitrile (PCN), clofibrate (CFB) or oltipraz (OPZ), known activators of AhR, CAR, PXR, PPARa and Nrf2, respectively. Results of this study show that (1) Hepatic PXR mRNA levels were significantly increased (1.4-fold) in mice fed MCD diet, while AhR, CAR, PPARa and Nrf2 were not affected. (2) The MCD diet did not alter hepatic inducibility of Cyp1A1, Cyp2B10, Cyp3A11 mRNA levels by their respective microsomal inducers. (3) Constitutive levels of Cyp4A14 mRNA were significantly increased in mice fed the MCD diet, yet further induction by clofibrate was not observed. (4) Hepatic Nqo1 mRNA levels were significantly increased by the MCD diet; however, additional induction of Nqo1 was still achievable following treatment with the Nrf2 activator OPZ.
Introduction
Drug metabolizing enzymes (DMEs) play crucial roles in the biotransformation and detoxification of xenobiotics introduced to the human body, providing protection against potentially harmful insults from the environment. Xenobiotic metabolism is invariably affected by the expression of both phase I and phase II DMEs. In response to xenobiotic insults, the expression of many of these DMEs is regulated at the transcriptional level via activation of xenobiotic sensing receptors including aryl hydrocarbon receptor (AhR), constitutive androstane receptor (CAR), pregnane-X receptor (PXR), peroxisome proliferator-activated receptor alpha (PPARa), and nuclear factor-E2 related factor 2 (Nrf2) (Klaassen and Slitt 2005; Waxman 1999; Honkakoski and Negishi 2000; Pascussi et al. 2004) . Indeed, in healthy humans, these signal transduction pathways provide a diverse and coordinate defense against potential xenobiotic insult. However, several studies using liver biopsy samples from patients with chronic active hepatitis, cholestasis and cirrhosis have noted reduced microsomal levels and/or activity of DMEs including CYP1A1, CYP2D6 and CYP3A4, suggesting that these induction pathways may be altered in various liver disease states (Wilkinson 1997) .
The prevalence of non-alcoholic fatty liver disease (NAFLD) is an increasing concern in the world population, and though once thought an obese adult disease, it is now known to afflict both normal weight persons and children as well (Browning and Horton 2004) . NAFLD encompasses a spectrum of symptoms ranging from simple steatosis (fatty liver) to the more severe nonalcoholic steatohepatitis (NASH, fatty liver with liver cell damage and inflammation) to progressive hepatic fibrosis and can eventually result in cirrhosis (Reynaert et al. 2005) . NASH occurs in 2-3% of all adults and accounts for approximately 10% of all newly diagnosed cases of chronic liver disease (Neuschwander-Tetri and Caldwell 2003) . Because this condition is increasing to remarkable proportions, NASH has rapidly become a significant clinical burden. The effect of this disease on the ability of the body to respond to external chemical stimuli through activation of xenobiotic sensing receptors is currently unknown.
Previous studies have reported that several cytochrome P450 (P450) enzymes are significantly altered in patients with NASH (Westphal and Brogard 1997; Farrell et al. 1978) . Alterations in DMEs can predispose the body to xenobiotic insults and thus, patients with NASH are potentially more susceptible to environmental toxicants. The purpose of the present study was to determine the effect of experimental NASH on the expression of the xenobiotic sensing receptors including AhR, CAR, PXR, PPARa and Nrf2, as well as the constitutive expression and inducibility of their downstream DME targets Cyp1A1, Cyp2B10, Cyp3A11, Cyp4A14 and NAD(P)H:quinone oxidoreductase 1 (Nqo1), respectively. 
Materials and methods

Animals
Male C57BL6/J mice (20-25 g) were obtained from Sprague Dawley (Indianapolis, IN). All animals were acclimated in 12 h light and 12 h dark cycles in a University of Arizona AAALAC-certified animal facility for at least 1 week prior to experiments and were allowed water and standard chow ad libitum. Housing and experimental procedures were in accordance with the Guide for the Care and Use of Laboratory Animals as determined by the U.S. National Institutes of Health. Mice (n = 4) were fed normal diet (Harlan Teklad, Indianapolis, IN) or a methioninecholine-deficient (MCD) diet (NASH-#518810 without L-methionine) (Dyets Inc., Bethlehem, PA) for 8 weeks. Following 8 weeks, mice (n = 4 control diet and n = 4 MCD diet/dose group) were either treated once with TCPOBOP (3 mg/kg, ip) or BNF (200 mg/kg, ip), PCN (200 mg/kg, ip), CFB (40 mg/kg, ip) OPZ (150 mg/kg, ip) or corn oil vehicle once per day for four consecutive days at a dose volume of 5 ml/kg. 24 h after the final dosage, mice were sacrificed, livers snap frozen in liquid nitrogen and stored at -80°C until mRNA analysis.
Total RNA isolation
Total RNA was isolated using RNA Bee reagent (Tel-Test Inc., Friendswood, TX) as per the manufacturer's protocol. RNA concentrations were determined by UV spectrophotometry, and integrity was examined by ethidium bromide staining after agarose gel electrophoresis.
Branched DNA amplification assay Probe sets for mouse AhR, CAR, PXR, PPARa and Nrf2, as well as mouse cytochrome P450 enzymes Cyp1A1, Cyp2B10, Cyp3A11, Cyp4A14 and Nqo1 were used as previously described (Petrick and Klaassen 2007; Fisher et al. 2007 ). Specific oligonucleotide probes were diluted in lysis buffer supplied in the Quantigene TM HV Signal Amplification Kit (Panomics, Inc., Freemont, CA). All reagents for analysis (i.e., lysis buffer, capture hybridization buffer, amplifier/label probe buffer, and substrate solution) were supplied in the Quantigene Discovery Kit. Total RNA (1 lg/ll; 10 ll) was added to each well of a 96-well plate containing capture hybridization buffer and 50 ll of each diluted probe set. Total RNA was allowed to hybridize to each probe set overnight at 53°C. Subsequent hybridization steps were carried out as per the manufacturer's protocol, and luminescence was quantified with a Quantiplex TM 320 bDNA luminometer interfaced with Quantiplex TM Data Management Software Version 5.02 in 96-well plates.
Statistics
Statistical significance was determined between groups by Student's t test or 1-way ANOVA followed by a Newman-Keuls post hoc test where appropriate and a statistical significance of p \ 0.05 was set. Asterisks (*) represent a statistical difference between corn oil and xenobiotic inducer treatment within respective diet group and daggers ( ) represent a statistical difference (p \ 0.05) between control and MCD diet groups.
Results
Hepatic mRNA expression of xenobiotic activated receptors in experimental NASH An important issue in regard to drug metabolism during disease states of the liver is whether the disease itself affects the expression of those transcription factors, e.g. nuclear receptors, which are critical to the transcriptional regulation of drug metabolism genes. Figure 1 shows hepatic mRNA levels of AhR, CAR, PXR, PPARa and Nrf2 in mice following 8 weeks on normal chow and MCD diet, respectively. Hepatic PXR mRNA was significantly increased (1.4-fold) in mice fed MCD diet compared to mice fed normal rodent chow. However, mRNA levels of AhR, CAR and PPARa were not significantly altered in MCD mouse livers compared to normal livers.
Inducibility of hepatic drug metabolizing enzymes in experimental NASH
To determine whether experimental NASH disrupts the signaling pathways involved in the induction of hepatic drug metabolizing enzymes, mice were fed a normal or MCD diet were dosed with prototypical microsomal enzyme inducers that activate the xenobiotic sensing receptors AhR, CAR, PXR, PPARa and Nrf2, respectively. BNF treatment, a known activator of AhR, resulted in 594-and 167-fold increases in hepatic Cyp1A1 mRNA in both the normal and MCD diet groups (Fig. 2) . In addition, BNF treatment significantly increased Cyp2B10 mRNA levels (21-fold) in normal livers and 5-fold in MCD livers, as well as Nqo1 mRNA levels by 8.5-and 4.5-fold in normal and MCD livers, respectively.
The high affinity CAR agonist, TCPOBOP has been show to activate CAR and subsequently induce Cyp2B10 expression in mice. TCPOBOP administration resulted in an increase of hepatic Cyp2B10 mRNA by 50-fold in normal mice and 11-fold in MCD mice. TCPOBOP treatment also caused a significant twofold increase in Cyp3A11 mRNA in both normal and MCD livers.
In experimental NASH, constitutive expression of hepatic Cyp3A11 mRNA levels was significantly increased by 1.7-fold in MCD livers when compared to control diet. Transcriptional regulation of the CYP3A subfamily is of particular importance due to the fact that in humans, CYP3A4 is responsible for the metabolism of approximately 50% of all therapeutic drugs (Harmsen et al. 2007) . PCN is a well-established activator of mouse PXR and ultimately induces Cyp3A11 mRNA expression. PCN treatment significantly increased Cyp3A11 mRNA levels in normal and MCD group livers by 2.3-and 2-fold, respectively.
Similar to Cyp3A11, the constitutive expression of Cyp4A14 mRNA was significantly increased (8.6-fold) in MCD diet mice when compared to normal diet-fed mice. Treatment with the PPARa agonist clofibrate has been shown to induce hepatic Cyp4A14 mRNA in mice. As expected, clofibrate treatment produced a significant increase (5.1-fold) in Cyp4A14 mRNA levels in normal mouse livers. However, clofibrate treatment did not induce hepatic Cyp4A14 mRNA in mice with experimental NASH (MCD diet-fed).
Finally, oltipraz has been shown to activate Nrf2 resulting in the nuclear translocation and induction of Nqo1 mRNA. Hepatic Cyp2B10, Cyp3A11 and Nqo1 mRNA levels were significantly increased in OPZ-treated normal mice by 17-, 2.2-and 9.3-fold, respectively. OPZ treatment of experimental NASH mice also caused a 6.7-fold increase in Cyp2B10 mRNA levels, while Cyp3A11 mRNA induction was absent in MCD livers. Similar to Cyp3A11 and Cyp4A14 mRNA levels, constitutive expression of Nqo1 mRNA was significantly increased (5.4-fold) by the MCD diet compared to normal diet-fed mice. However, in contrast to clofibrate, OPZ treatment further induced hepatic Nqo1 mRNA levels (twofold) in MCD diet mice when compared to MCD diet mice treated with vehicle. 
Discussion
The liver has a unique physiologic role to protect against a vast array of potentially harmful compounds. Hepatocytes are generally the first line of defense against toxic insults and as such are required to adapt to a complex and everchanging intracellular environment in a timely manner (Karpen 2002) . Hepatocytes are equipped with a number of transcription factors that act as biosensors which, in response to a xenobiotic, are able to induce the expression of genes involved in biotransformation and transport (Elias and Mills 2007) . Activation of these biosensor transcription factors must occur in order to trigger their respective signal transduction pathways. However, several studies indicate that disease states such as septic cholestasis, obstructive cholestasis and alcoholic and viral hepatitis cause alterations in cytochrome P450 expression (Westphal and Brogard 1997; Farrell et al. 1978) . Coincidentally, several of these P450s are regulated by the aforementioned transcription factors, including PXR and Nrf2. These studies suggest that disease states may alter the ability of biosensors to respond to toxic xenobiotics and coordinate hepatoprotective responses at the transcriptional level.
In the present study, we investigated whether a dietaryinduced model of NASH alters the xenobiotic activation of transcription factors which may provide a defense against environmental insults. Classical microsomal enzyme inducers were administered to mice fed a normal diet or an MCD diet. Xenobiotic activation of AhR, CAR, PXR, PPARa, and Nrf2 was assessed in the liver via induction of their downstream target genes, Cyp1a1, Cyp2b10, Cyp3a11, Cyp4a14, and Nqo1, respectively. Both control and MCD diet mice showed a robust induction of Cyp1A1 mRNA levels following BNF administration. These results suggest that experimental MCD does not disrupt the activation and signal transduction pathway mediated by AhR.
The xenobiotic receptors CAR and PXR represent two important members of the nuclear receptor super family and function as sensors of toxic compounds in order to enhance their elimination (Timsit and Negishi 2007) . Because CAR and PXR bind to both the phenobarbital response element module (PBREM) and PXR response element (PXRE) of gene promoter regions, ligands of these nuclear receptors robustly increase hepatic Cyp2B10 and Cyp3A11 mRNA expression. As expected, a significant increase in hepatic Cyp2B10 mRNA was observed in normal mice following administration of the known CAR agonist TCPOBOP as previously observed (Koike et al. 2007; Pustylnyak et al. 2007; Qatanani and Moore 2005) . The inducibility of Cyp2B10 mRNA levels by TCPOBOP was maintained in experimental NASH mice as similar levels were observed in normal and MCD diet groups. Additionally, TCPOBOP administration to normal and Fig. 2 Hepatic mRNA levels of drug metabolizing enzymes in experimental NASH. Total hepatic RNA from normal diet-fed and MCD diet-fed mice was analyzed for Cyp1A1, Cyp2B10, Cyp3A11, Cyp4A14 and Nqo1 mRNA levels by branched DNA assay. Data is expressed as relative light units (RLU) ± standard error of mean. Asterisks indicate significant difference between corn oil and xenobiotic inducer treatment within respective diet group (*) (p \ 0.05). Daggers indicate significant difference between normal and MCD diet groups when administered a specific xenobiotic inducer ( ) (p \ 0.05) MCD mice resulted in significant increases in hepatic Cyp3A11 mRNA levels due to the cross-talk between CAR and PXR response elements (Anakk et al. 2004; Kast et al. 2002) . PCN, a well established PXR agonist, equally induced hepatic expression of Cyp3A11 in both normal and MCD diet mice. Taken together, these data suggest that CAR and PXR activation and subsequent induction of Cyp2B10 and Cyp3A11 mRNA, respectively, remain intact in experimental NASH. Interestingly, hepatic mRNA levels of PXR itself were increased in MCD mice when compared to normal diet mice. This may explain why the constitutive expression of Cyp3A11 was increased in these animals. A previous study by Yang et al. reported decreased levels of CYP3A4 in patients with cirrhosis (Yang et al. 2003) , but to our knowledge we are the first to report alterations of this important drug metabolizing enzyme in experimental NASH.
PPARa regulates the expression of genes involved in lipid metabolism, fatty acid oxidation, and glucose homeostasis (Zandbergen and Plutzky 2007) and more recently also implicated in the modulation inflammatory responses linked to liver fibrogenesis (Tanaka and Aoyama 2006) . Nagawasa et al. showed that administration of the PPAR-pan agonist, benzofibrate, to MCD mice resulted in decreased hepatocyte steatosis, liver inflammation and number of activated hepatic stellate cells (Nagasawa et al. 2006) . In the present study constitutive basal Cyp4A14 mRNA levels were significantly increased suggesting that the pathogenesis of this model results in activation of PPARa. This is not particularly unexpected as CYP4A has been shown to be increased in NAFLD and implicated in the second hit of the hepatic progression of steatosis to NASH (Chitturi and Farrell 2001) However, unlike AhR, CAR or PXR activators, clofibrate administration resulted in no additional induction of Cyp4A14 mRNA levels in MCD mice, inferring that this model causes maximal induction of PPARa.
Nrf2 is an oxidative stress inducible transcription factor that regulates transcriptional activation of target genes via the antioxidant response element (ARE). Nrf2 is known to induce a number of antioxidant genes including its classical target gene Nqo1 (Venugopal and Jaiswal 1996; Petrick and Klaassen 2007; McMahon et al. 2001 ) Similar to our previous findings (Lickteig et al. 2007) , constitutive Nqo1 mRNA levels were significantly increased by the MCD diet. However, unlike the PPARa agonist clofibrate, the prototypical Nrf2 activator oltipraz was still able to further induce Nqo1 mRNA levels in MCD diet mice beyond the initial induction observed due to the MCD diet alone. These data suggest that the activation pathway of Nrf2 is still functional during experimental NASH. Furthermore, these data may indicate that patients suffering from NASH may retain a functional Nrf2 signaling response and still benefit from antioxidant/Nrf2 activation therapies.
In the present study, it was investigated whether a dietinduced model of NASH alters the expression or function of xenobiotic activated transcription factors that may provide a defense against environmental insults. Novel data presented in the current manuscript suggest that: (1) experimental NASH results in increased mRNA levels of PXR; (2) the signaling pathways regulated by the xenobiotic receptors AhR, CAR, PXR maintain their function in experimental NASH; PPARa induction of Cyp4A14 by clofibrate was no longer possible due to putative maximal induction in experimental NASH; and (4) while Nqo1 is induced by experimental NASH, further induction through pharmacologic therapy is still possible. Since xenobiotic activation of Nrf2 and downstream antioxidant drug metabolizing enzymes is maintained during NASH, it is likely NASH patients can still benefit from antioxidant treatment.
